memory to HCN channels that underlies slow integrative changes in neuronal electrical activity.
nels with an activity-dependent memory that leads to long-lasting changes in cellular excitability, which are likely to contribute to the generation of slow rhythmic firing patterns in certain regions of the brain.
Results

A Slow Phase of HCN Channel Opening Induced by Low Concentrations of cAMP
We have focused our studies on HCN2, an isoform expressed widely in brain and heart that shows a robust response to cAMP ( 2A). As the membrane is hyperpolarized to increasingly negative voltages, the exponential time constant of activation decreases from ‫3ف‬ to ‫1ف‬ s (Figures 2A and 3A) .
Kinetic Analysis of I h Confirms Predictions of Cyclic Allosteric Model
Attempts to fit the data with two exponential functions either failed to converge or did not yield a substantial To test more thoroughly the predictions of the cyclic allosteric model, we examined activation kinetics over improvement in the goodness-of-fit over a single exponential function (determined by 2 , Figure 2D ; see Experia range of voltages for a range of cAMP concentrations. In the absence of cAMP, HCN2 channels in cell-free mental Procedures). We thus conclude that HCN2 currents are adequately described by a single exponential patches activate upon hyperpolarization with a time course that is well fit by a single exponential function function. In contrast to the single exponential kinetics of HCN2 (after an initial delay) (see Experimental Procedures), presumably reflecting the kinetics of the nonfacilitated, in the absence of cAMP, two exponential components , the relative amplitude of the slow exponential component is large for weak hyperpolarizing residuals, and the goodness-of-fit is noticeably enhanced by the addition of a second exponential composteps near the threshold for I h activation, accounting for up to 80% of the current amplitude. As the voltage step nent ( Figure 2D) . Moreover, the parameters of the two exponential components are highly reproducible among is made more negative, the relative amplitude of the slow component diminishes, accounting for less than different patches (see small standard errors in Figure 3 Figure 6A ). This protocol does inchannel through a point mutation in the CNBD (R591E, deed generate a slow increase in I h during the hyperpowhich has no effect on voltage gating in the absence larizing burst that is followed by a prolonged tail of of cAMP) (Chen et al., 2001), the slow component of channel opening, in which I h requires tens of seconds activation is abolished, and channels activate with relato decay back to baseline. Moreover, we find that these tively rapid kinetics that are adequately described by a slow kinetics are due to the slow binding and unbinding single exponential function ( Figures 5B and 5D ). Moreof cAMP, and not to the inherent voltage-gated kinetics over, the time constants of this fast exponential compoof the channel, because HCN2/R591E channels, which nent recorded at different voltages ( Figure 3D ) are simicannot bind cAMP, fail to display the prolonged tail of lar to those recorded for channels in cell-free patches channel opening ( Figure 6B ). in the absence of cAMP ( Figure 3A) .
A slow increase in cAMP binding to HCN channels during hyperpolarization, which shifts channels from enPredicted Effects of Basal Levels of cAMP in a Model Thalamocortical Relay Neuron ergetically unfavorable to energetically favorable gating states, also accounts for the striking dependence of V 1/2
In intact neurons, the slow tail of I h activation should generate a prolonged afterdepolarization following a on hyperpolarizing pulse length that has been reported in several previous studies (Seifert et Huguenard, 1992; Destexhe et al., 1996). We first studied the absence of cAMP ( Figure 7A ). This is because, at high concentrations, cAMP will bind to the closed state how cAMP alters the kinetics of membrane potential responses to constant current injection. In the absence of the channel. Moreover, because cAMP-bound channels can open at the resting potential due to their faciliof cAMP, negative current steps cause a membrane hyperpolarization followed by a rapid, partial depolarizatated gating, most I h channels will exist in the cAMPbound open state (AO) prior to the hyperpolarizing tion or "sag," reflecting activation of the inward I h ( Figure  7A ). At the end of the current step, a brief rebound current pulse. As a result, relatively few closed I h channels are available to activate during the hyperpolarizaafterdepolarization occurs before the membrane potential returns to rest, reflecting the relatively rapid kinetics tion pulse (or shut upon termination of the current step), causing a reduction in the size of the depolarizing sag of I h deactivation (O → C).
In the presence of 40 nM cAMP, the sag and rebound (and subsequent rebound afterdepolarization). In addition, the slow phase of both the sag and rebound depocontain an additional slow phase. 
